The protein Felix was designed de novo to fold into an antiparallel four-helix bundle of specific topology. Its sequence of 79 amino acid residues is not homologous to any known protein sequence, but is "native-like" in that it De novo design represents an attempt to choose an amino acid sequence that is unrelated to any natural protein sequence, but that will fold into a desired three-dimensional structure. The principles and details of protein folding are not well enough understood to ensure the success of such attempts; nevertheless, we and others are tackling some of the simpler cases. The reason for taking such a monomeric in solution, (ii) is predominantly a-helical, (iii) contains a designed intramolecular disulfide bond linking the first and fourth helices, and (iv) buries its single tryptophan in an apolar environment and probably in close proximity with the disulfide bond. These physical properties rule out several alternative structures and indicate that Felix indeed folds into approximately the designed three-dimensional structure.
De novo design represents an attempt to choose an amino acid sequence that is unrelated to any natural protein sequence, but that will fold into a desired three-dimensional structure. The principles and details of protein folding are not well enough understood to ensure the success of such attempts; nevertheless, we and others are tackling some of the simpler cases. The reason for taking such a monomeric in solution, (ii) is predominantly a-helical, (iii) contains a designed intramolecular disulfide bond linking the first and fourth helices, and (iv) buries its single tryptophan in an apolar environment and probably in close proximity with the disulfide bond. These physical properties rule out several alternative structures and indicate that Felix indeed folds into approximately the designed three-dimensional structure.
drastic and uncertain step is that minor variants of natural proteins cannot be used to test determinants that control major topological differences in structure because of the obstacles presented by all those features ofthe protein that have been evolutionarily selected to fit the native structure. We believe there are important unsettled fundamental questions, and therefore are attempting de novo design De novo design has so far been tried only a few times, but by means of quite diverse strategies (1) . Gutte synthesized a 24-residue ,3-sheet peptide that binds the insecticide DDT (2) . Eisenberg, DeGrado, and colleagues designed a modular bundle of four identical a-helices, each composed of all leucine residues on the inner face and all glutamic acid and lysine residues on the outer (3). After some redesign, the helices were linked by identical turns and the entire sequence was expressed in vivo; the resulting protein, called "a-4", is very stable and circular dichroism (CD) indicates a high helix content (4, 5) . DeGrado, Wasserman, and Lear have also designed membrane channel peptides with repeating sequences of leucines and serines; they show conductance properties much like those of natural ion channels (6). Mutter and colleagues have circumvented the protein folding problem by making "templateassisted synthetic proteins" (TASP's) in which several amphiphilic ct helices or v strands are covalently linked to an artificial template (7).
Our own strategy for protein design is to use natural structural motifs and to design sequences that are native-like in pattern and composition, are locally nonrepetitive, and are not "homologous" to any known protein. Two of these designed proteins have been synthesized and partially characterized. The first, betabellin (8) , was designed to form a 13 sandwich consisting of two identical fourstranded antiparallel 13 sheets. Over several cycles of peptide synthesis and redesign, it has been improved in yield, in spectroscopic properties, and especially in solubility. It shows spectra classic of 1 structure by both CD and laser Raman, and forms the designed cross-sheet disulfide (1, 9) . The other is Felix (forfour helix), a 79-residue sequence designed to fold into an up-and-down four-helix bundle (1, 10) . In this article, we describe the design, expression in vivo, purification, and physical characterization of Felix.
Choice of a tertiary-structure motif. To increase the chances of the design succeeding, the structural motif chosen should be fairly small and simple. At the same time, if our goal is to study and control tertiary structure, the motif should be large enough to have a true tertiary structure, comprising multiple elements of secondary structure that interact with each other around a sizable, selfcontained hydrophobic core. The simplest and also the most common a-helical tertiary structure is the up-and-down four-helix bundle (11, 12) . Examples with coordinate files available from the Brookhaven Data Bank (13) include myohemerythrin, hemerythrin, cytochrome b562, cytochrome b5, cytochrome c', uteroglobin, and tobacco mosaic virus protein (14) . Felix is intended as a simple prototypical four-helix bundle (Fig. 1) . Criteria for size were that the helices each be about five turns long and the connections be as short as practical; this requires a sequence of close to 80 residues.
Even with a pure up-and-down topology where each helix is connected to its nearest neighbor by a short connection, two variants are possible: Ifthe amino-terminal helix goes up the bundle, then the second helix can be either to its right or to its left (as viewed from the outside). We call the first version a "right-turning" bundle and the second a "left-turning". A right-turning bundle contains a right turn, a left turn, and then a right turn; whereas the turns in a left-turning bundle are left, right, and left. Although right-turning bundles are much more common, left-turning bundles do occur, for example, cytochrome b5, ROP protein (15) , and interleukin (16) .
We chose to design Felix as a left-turning bundle (Fig. 1) since its success would then be a stronger argument for control ofthe design. The two possible bundle topologies can be distinguished from one another by formation of an intramolecular rather than an intermolecular disulfide bond in our particular sequence, as explained below.
General sequence criteria. The sequence of Felix was designed by students and faculty in a graduate seminar in 1985 (17); it was designed only for three-dimensional structure, and not for function. The sequence was to be "native-like", but not homologous to any known protein, and should have naturally occurring amino acids and an NH2-terminal methionine to allow expression in vivo. Since our aim is to understand the determinants of tertiary structure in natural proteins, we chose to work with linear, nonrepeating sequences. We even avoided duplicate tripeptides to facilitate future nuclear magnetic resonance (NMR) assignments. In addition to these general principles, the design incorporated many specific, structurally based constraints, as described below.
Four different helices were designed. Since each helix was to be at the surface of a soluble protein and in contact with two other helices, approximately half of its surface would be hydrophobic and half hydrophilic. The Felix helices are therefore amphiphilic; however, they have only moderate hydrophobic moments similar to those of helices in soluble, globular proteins rather than the extreme moments typical of helices that bind to the surface of membranes (18) . This was accomplished with the use of approximately onequarter charged residues, one-quarter uncharged hydrophilic residues, one-quarter large hydrophobics residues, and one-quarter alanine (Fig. 1, or 5) .
Use ofhelix-preference statistics. In choosing the specific amino acids for the helices, preference was of course given to strong helixformers. As a check that the helices would be predicted as helices, each proposed version of the sequence was analyzed by the secondary-structure prediction programs of Chou and Fasman and of Gamier et al. (19) . Later the final consensus sequence was subjected to other prediction programs (20) . In all cases the helices scored well, and the turns between helices were almost always strong and in the right places. The poorest-predicting amino acids in Felix are the two half-cystines of the disulfide.
At each specific location along a helix we used residues that are most frequently found at that particular location in natural helices. We identified these helical propensities by statistically analyzing the frequency at which each amino acid occurs at each particular location. The individual positions were named as follows:
YN'N-cap NI N2 N3 N4 N5 .. middle.. C5 C4 C3 C2C C-cap C'C' helix At the time of the initial design, statistics were collected for -100 helices from known protein structures and the residues were Glycine, asparagine, and serine are three of the most favored N-cap residues in natural helices, whereas methionine is found there only occasionally. Nonetheless, Met' was included in the sequence because it is required for expression in vivo, and indeed natural proteins also often use weaker caps at chain termini. The four C-caps in Felix are Ser19, Gly38, Arg58, and Gln79. Gly is the most favored Ccap residue, whereas the others are only moderately good C-caps.
Gln79 is at the chain terminus, while the other two (Ser19 and Arg58)
were chosen to form long-range interactions between the first and third interhelical turns.
In the Ni positions (which immediately follows the N-cap) there are three Glu and one Pro residues. These are the most frequently observed at this position in the helices of natural proteins (Glu is three times more common than Asp at N1). In the Cl position, Lys37 and Ser78 are excellent, while Leu'8 and ThFi7 are only moderate. ThrF7 is a very reasonable compromise because it makes favorable tertiary interactions in the model, whereas Leu'8 was probably a mistake and will be changed in future versions of Felix. Through the middle sections of the helices, those residues with low preference values of 0.3 to 0.6 (Pro, Gly, and Ser) were avoided; those with moderate values of0.7 to 1.0 (for example, Thr, Asn, Tyr, and Cys) were included only occasionally; whereas those with values well above 1.0 (for example, Ala and Gin) were used extensively. The large hydrophobics were included in order of average preference values for their favored positions N4, C4, and C3 (Leu>Met>Phe>Val,Ile), but were located in the interior of the Felix model. Although tryptophan has a high preference value for the middle turns of helices, it was used only once (Trp'5) because its large ring is difficult to fit in the model and also because we wanted an unambiguous fluorescent probe.
Side-chain interactions. As a means of ensuring solubility, the 79 amino-acid sequence of Felix contained 23 charges including the termini and three histidines. Almost all of the charges were positioned so that they can make salt links either between neighboring helices (for example, Glu3-Lys74, Arg'4-Glu67, Glu23-Arg58), or between positions i and i + 4 (24) within a helix (for example, Glu'3-Lys'7, Glu33-Lys37, and Glu41-Lys45). The charges are clustered at the helix ends: N' to N6 and C6 to C'. Each end has three 886 charges on average, with a net negative charge near each NH2-terminus and a net positive charge near each COOH-terminus for favorable interaction with the helix dipole (25) .
The helix-helix connections not only influence where the helices end, but also how the bundle packs together. They were made as short as is frequently observed in natural proteins, with either one or two residues between C-cap and N-cap. The right-turning aB-aC connection was modeled on the turns between helices 1 and 2 in myohemerythrin and hemerythrin. The two left-turning connections are the longer ones, in accordance with Efimov's observations that right-turning connections can be shorter than left-turning connections (26) . The aA-aB and aC-aD turns were designed to form hydrogen bonds (Glu23-Arg58) and hydrophobic interactions with one another and also to interact with the helices that they connect (Tyr6o tucks down into the hydrophobic core, analogous to many observed connections). Since the aB-aC turn is only a single glycine, most ofthe long-range interactions at that end ofthe bundle are provided by the chain termini.
The intemal packing ofthe entire four-helix bundle is presumably one ofthe most critical factors for a successful design. However, it is also one of the most difficult to model. We first set the backbone conformations by positioning the helices at distances (9 to 10 A) and angles (+ 100 to +150) commonly found among natural fourhelix bundles (12) . Side-chain conformations were then modeled with one of the XI values preferred for that residue in natural a helices (27) ; those angle distributions are surprisingly narrow (28) . The large hydrophobic side chains (Met, Phe, Leu, Trp) were positioned to pack against one another, and also to contact the main chain of an adjacent helix. This is in analogy to what we have observed with small-probe dot surfaces to analyze the packing of natural helix bundles (27) . At areas of close helix-helix contact, as observed in real proteins, long side chains were turned out to the side of the helix pairs and did not pass between the helices.
Space-filling models of Felix were constructed, and the sequence was then modified to remove lumps or fill holes. This is still easier to do with physical models than on the computer. A rough computer ._. Negative design. In designing (or predicting) a protein structure, it is not sufficient to show that the given sequence is compatible with a particular structure; we must also ensure that it is less compatible with alternative structures. We think of this process of designing against altemative structures as "negative design". Another intrinsic part of the negative design process is including features that allow the alternatives to be distinguished experimentally.
For secondary structure, we might expect that using only strong helix formers and good termination sequences would at least prevent formation of P strands. However, it has been shown that synthetic copolymers composed only of lysine and leucine (which have high helical propensities) form a-helices when their sequence is random, but form n-structure when the sequence contains alternating hydrophobic and hydrophilic residues (31) . The sequence of Felix avoids such alternation, and thus p structure would not be expected. Circular dichroism (CD) spectroscopy provides a simple experimental test for such competing secondary structures.
An alternative tertiary structure for Felix might be produced if the helices continued through their designated breaks, giving a hairpin 24 AUGUST 1990 of
We attempted to design against this possibility by two strategies. (i) We used strong helix-breaking sequences in the proposed tums. (ii) We made sure that if the helices, nevertheless, tried to continue through the intended tum sequences-for example, as in (4)-then the hydrophobic stripes on the individual helices would not line up with each other along the putative long helix (Fig. 3) . Such an offset of hydrophobic stripes is seen for helical hairpins in the natural proteins and may, coupled with loop conformation, help to determine the length of a-a connections. For Felix, then, the hydrophobic stripes were offset by a one-third to one-half helical turn across each connection as shown on the helical net in Fig. 3 , except for aCaD, whose offset is only marginal. If extended or oligomeric "wrong" structures did form, they could be detected experimentally by an increase in the apparent molecular mass in size-exclusion chromatography.
Not all antiparallel four-helix bundles have an up-and-down topology; growth hormone (32) and ferretin (33) contain long crossover connections. We designed against such structures with the use of well-defined helix termini and short interhelical connections.
Another alternative tertiary structure would be a right-turning rather than a left-turning helix bundle (Fig. 4) . Our major strategy for avoiding the alternative topology was to arrange the hydrophobic faces of the four helices so that they would be complementary to one another and pack tightly in the desired left-turning topology, but would fit badly in the right-turning arrangement. Since there may also be some influence of connection lengths on preferred topology (26), Felix was given the long, short, long connection pattern that should work best in a left-turning bundle.
The two bundle topologies can be distinguished experimentally by the formation of an intramolecular disulfide bond. Disulfides linking the centers of a-helices are highly constrained and rarely observed; they are found only in crambin (1CRN) (34) and phospholipase A2 (3BP2), (35) among natural proteins, and in the disulfide dimer link designed into X repressor (36) . Only one position in the Felix model has the correct geometry, namely, connecting the centers of helices A and D, by means of residues 11 and 71. These side chains would point toward one another in the desired left-turning topology, but would be widely separated and point outward in the alternative structure (Fig. 4) . Thus, ready formation of the Cys'I-Cys7' intramolecular disulfide bond rather than SS-linked multimers would provide experimental evidence for the left-turning topology.
Gene design and expression. The final amino acid sequence of Felix is shown in Fig. 5 , along with the synthetic gene designed to direct the expression of Felix in Escherichia coli. To encourage high levels of expression, the gene was composed primarily of codons used by E. coli to express its most abundant proteins (37) . Each strand can be divided into six moderate-length pieces which fit together with specific nine-base overlapping ends. Eleven different restriction sites were included in the DNA sequence in order to facilitate the future construction of sequence variants by cassette replacement.
The Felix gene was synthesized in 12 overlapping pieces, each between 34 and 48 nucleotides long, with the use of cyanoethyl phosphoramidite chemistry. The oligonucleotides were ligated together, cloned into M13mp8, and sequenced (Fig. 5) .
Our initial attempts to express Felix in E. coli were not successful. Although the synthetic gene was efficiently transcribed after being subcloned in several different expression vectors, Felix protein could not be detected and apparently underwent proteolysis in vivo. Using various expression systems, we tried to circumvent proteolysis. Our RNA polymerase was induced with isopropyl-13-D-thiogalactopyranoside (IPTG), Felix accumulated as a major component of total cell protein (Fig. 6 ). Under these conditions, Felix was sequestered in insoluble inclusion bodies, and presumably for this reason it escaped intracellular proteolysis.
Purification and disulfide bond formation. Purification was facilitated by the fact that Felix was already more than 50 percent pure in the insoluble material recovered from cell lysis (Fig. 6, lane  3) . Inclusion bodies were separated from cell debris by centrifugation of the suspended material through a sucrose gradient. The purified inclusion bodies were then solubilized in 6.0 M urea in the presence of excess DIT. Felix was then purified by size exclusion chromatography in the presence of urea and DTT. The purified protein was allowed to fold by dialyzing it from urea into a native buffer. Following dialysis, Felix remained in solution, suggesting that it had folded into a globular structure in which the hydrophobic side chains are buried and thereby prevented from causing intermolecular aggregation and precipitation.
The purified protein was examined for amino acid composition and by 11 steps of automated NH2-terminal sequence analysis. These showed the expected composition and sequence for Felix, with the exception that the NH2-terminal methionine had been removed quantitatively in vivo. We had not expected cleavage of the Met'-Pro2 peptide bond, and had designed the Met side chain to provide stabilizing interactions, which are now missing. There is no evidence of either sequence heterogeneity or impurities.
In designing Felix, we included an intramolecular disulfide bond connecting Cysil with Cys7" for four reasons. (i) This covalent link should stabilize the folded structure of the protein; (ii) the disulfide would provide a quick and simple probe of tertiary structure by showing that two regions distant in sequence are in fact close to one another; (iii) if such a highly constrained SS can form without lowering helix content, then the local structure near it is likely to be as modeled; (iv) as described earlier, the disulfide can distinguish between a left-turning and a right-turning helix bundle by forming either monomers or aggregates.
The Cys"--Cys7' disulfide bond was formed in the purified protein by disulfide exchange with oxidized glutathione. Formation of the disulfide-containing species (Felix S-S) was detected by the appearance of a new peak in reversed-phase chromatography (Fig.  7) Monomeric state. Formation of a disulfide bond in Felix might have yielded either the desired Cys''ys7' intramolecular bond or one ofvarious intermolecular disulfide bonds, which would produce dimers or higher order oligomers. Although multimeric forms can be detected, even at high protein concentrations they are minor peaks and are completely absent in Fig. 7 , where Felix S-S is a single species. The monomeric state of Felix S-S in native buffer was demonstrated by size exclusion chromatography with compact globular proteins as calibration standards (see Fig. 8 ). By this technique, the apparent molecular mass of Felix (9600 daltons) is in close agreement with the molecular mass of a monomer calculated tions. Felix S-S, at an initial concentration of 0.2 mg/ml, was chromatographed on a prepacked Superose-12 gel filtration column (Pharmacia) in 50 mM sodium phosphate, pH 7.6, 100 mM NaCl. Molecular size markers are carbonic anhydrase (C An), cytochrome c (Cyt), and bovine pancreatic trypsin inhibitor (PTI). 14 
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3.0 200C. 24 AUGUST 1990 from the amino acid sequence (8700 daltons). (Fig. 9) displays these a-helical features. The magnitudes of the characteristic minima suggest that Felix contains 50 to 65 percent ct-helical secondary structure (39, 40) . That is less than would be predicted by our model, but is similar to or only slightly smaller than the fraction observed for natural four-helix bundles such as growth hormone (41) or cytochrome b562 (42) Two other a-helical tertiary structures would be compatible with the observed CD spectrum of Felix but can be ruled out by other considerations. A coiled-coil hairpin (two long helices rather than four short ones) would expose a long hydrophobic face and would be expected to dimerize; however, Felix is monomeric and compact.
A four-helix bundle with a right-turning rather than the designed left-turning topology would position Cys" and Cys71 pointing away from one another; however, in Felix these residues form the designed intramolecular disulfide bond. Therefore, by these multiple criteria, the Felix sequence has folded into approximately the structure designed for it.
More detailed information is needed to see how well the helix packing geometry, helix end locations, and loop conformations match the designed model. It is already clear that Felix is at the low end of stabilities and cooperativities observed for natural proteins. Although Felix maintains a well-folded a-helical structure under native conditions, measurements of its CD spectrum as a function of Gu-HCl concentration show a rather broad denaturation curve with a midpoint of approximately 1.3 M Gu-HCI (Fig. 10 ). An extrapolation of AGObs as a function of Gu-HCI concentration (45) suggests that the free energy stabilizing the folded structure in the absence of denaturant is approximately 0.8 kcallmol; natural proteins typically are stable by 5 to 15 kcal/mol (46) . The marginal stability of Felix suggests that some of the interior side chains may not have only one position and may actually be fairly mobile, as has been hypothesized for the "molten globule" state (47) .
Remarkably, Felix and the other design projects surveyed above all show evidence of producing something close to the designed structure in spite of the use of quite different methodologies and a wide variety of philosophical approaches to choice of sequence. Comparing the various design projects leads to several general conclusions. First, using all leucine for helix contacts is a remarkably effective way to produce very stable structures, as shown by a4 (4, 5) and by recent "leucine zipper" peptides (48) . It will be very interesting to determine why natural proteins typically use a lessstabilizing mix of hydrophobic residues. Second, helices are probably easier to design than P sheets. Felix has achieved on the first try the same degree of success that betabellin, our designed p-sandwich protein, achieved after nine syntheses incorporating four major changes (1, 8, 9) . This difference is probably due to the greater modularity of helical structures and the solubility problems inherent in designing p sheets.
In all these projects, the full three-dimensional structures will doubtless reveal some surprises, and the most reliable and specific new information will be obtained only after several iterative cycles of design, structure determination, and redesign. Nonetheless, our present highly encouraging results have already demonstrated that the design of proteins de novo is indeed a feasible enterprise.
